Accelerated in vitro-calcification of potential urethane based heart valve replacement materials group of Glasmacher extensively investigated the calcification of commercially available artificial heart valves consisting of pericardial tissue under pulsatile stress over a period of 6 weeks at 37°C, approaching in vivo-conditions with respect of a dependence that calcification considerably depends on material stress in valve opening-closing processes [3, 4] . In 2014, Boloori Zadeh et al. studied the calcification of poly urethane based heart valves [5] . The group compared their results with the study of Deiwick et al. [6] , stating that polyurethane valves show a significant lower calcification in respect to pericardial valves, giving 1.6 -2.9 μg/mg for the polymer valve compared to 205.3 μg/mg for pericardial leaflets, a fact that underlines the superior properties of polymer based leaflets.
In this work, we present the results of our calcification studies for a well-established material in heart valve engineering, porcine pericardium, compared to electro spun polyamide 6 (PA6) and highly promising nonwovens consisting of polycarbonate urethane (PCU) and polyether urethane (PEU), respectively. The applied method for accelerated calcification consisted of a modified medium based on Golomb and Wagner's [2] , comprising a metastable solution of calcium chloride and dipotassium phosphate with the addition of potassium chloride in HEPES buffer, resulting in significant calcification of pericardial tissue as reference materials after only 7 days at 22°C.
Materials and methods

General information
Scanning electron microscopy (SEM) imaging was performed on a FEI Quanta FEG 250 field emission scanning electron microscope. Energy-dispersive X-ray spectroscopic analysis (EDX) was performed using an EDAX microanalysis system. UV/Vis spectra were collected on a Thermo ScientificBioMate 3S UV-Visible Spectrometer.
Porcine pericardium was received freshly and untreated in phosphate buffered saline. Residual tissue was removed Abstract: Polycarbonate urethane and polyether urethane nonwovens as promising representatives of novel polymer heart valve materials were analysed regarding the susceptibility to calcification in comparison to porcine pericardium and polyamide 6. The applied method represents an accelerated calcification out of a metastable solution in short time with significant precipitates on the reference material. As our results show, urethane based nonwoven structures exhibit considerably lower susceptibility to calcification compared to pericardium as widely established material for leaflet design.
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Introduction
Calcium is significantly important for the human organism and is involved in a vast number of metabolic processes. However, due to the widespread distribution of calcium-and phosphate ions in the body, calcification is a crucial issue regarding implants in cardiovascular system and the main reason for fatal failure of artificial heart valves [1] .
Fundamental work in the field of calcification research has been made by Golomb and Wagner in 1990 , investigating the calcification of poly urethane films after 30 days from a metastable CaPO4 solution, stating in vitro-calcification is a suitable instrument to evaluate the susceptibility to calcification of materials in medical use [2] . Moreover, the mechanically and the pericardium was fixated in 0.5 % glutaraldehyde solution (GA) for 72 h. Samples were stored in 0.2 % GA until the point of use.
Polymer nonwovens were all manufactured via electro spinning process on a C4S 4Spin electrospinning device.
General procedure for the accelerated in vitro-calcification of tissue samples
All glass wares used for the calcification process were preliminary rinsed with 0.1 M HCl and Ethanol and subsequently dried. If not stated otherwise, chemicals were used as received without further treatment. Samples with the dimension of 1x1 cm 2 of the nonwoven materials were prepared via laser cutting (Trotec Speedy 300), washed with distilled water and ethanol and subsequently dried overnight in vacuum dry oven. Samples of porcine pericardium were prepared in the same manner but washed solely with water and used without further drying.
Medium preparation: All solutions were pressed through a 0.45 μm syringe filter before use. HEPES buffer solution was prepared from 2.979 g (12.5 mmol) HEPES and 2.647 g (35.5 mmol) KCl in 250 mL ultrapure water followed by pH-adjustment to 7.6 with 0.1 M NaOH. A 10 mL screw lid glass vial was filled with 3.87 mL of a 10 mM CaCl2-solution in previously described HEPES buffer. Subsequently, the Ca 2+ -phase was carefully covered with 3.8 mL HEPES buffer. The liquid was finally covered with 2.33 mL of a 10 mM K2HPO4-solution in HEPES buffer and the phases were mixed. Hence, calcification medium with an ion product of 9 mM 2 was generated, giving a calcium/phosphate ratio as found as in hydroxyapatite. The solutions were allowed to stand at room temperature for 1 hour. If no precipitates were observable, the metastable solutions were further used for calcification. Solutions which formed calcium phosphate crystals were dismissed. Samples of the described materials were added to the vials each and kept in a custom made liquid cooled tempering chamber at 22 °C under shaken conditions for 7 days.
After calcification, nonwoven samples were taken from medium and briefly rinsed with dist. water to remove crude precipitates. Subsequently, the samples were washed for 15 min with H2O:EtOH 3:1, 1:1, 1:3 and pure EtOH, respectively. The calcified materials were finally dried in vacuum dry oven. For SEM imaging of porcine pericardium, samples were slightly covered in hexamethyldisilazane after final washing in EtOH and dried under atmospheric conditions over night to avoid crimping. All samples for SEM imaging were sputtered with Au at 0,06 mbar/25 mA for 2x120 sec.
For quantitative Ca 2+ -analysis, calcium phosphate precipitates on the materials were hydrolysed by the addition of 1 mL 0.1 M HCl and shaking for 30 min. 15 μL of the resulting solution were added to 1 mL of a 0.2 mM Arsenazo III-solution buffered with 75 mM imidazole, vortexed and the Ca 2+ -concentration was determined via UV/Vis spectroscopy at 650 nm.
Results and discussion
Results of the accelerated in vitrocalcification
PCU and PEU nonwovens were chosen for their promising properties such as high biocompatibility and durability [7] . Owing to the fact that pericardial tissue is widely used for medical valve engineering, porcine pericardium was used as reference to evaluate the degree of calcification of potential materials for artificial valve replacement materials [8] .The susceptibility to calcification of PA6 was investigated due to the various uses of this polymer in medical applications. Furthermore, the calcification for plasma functionalized PCU has been investigated. UV/Vis spectroscopic quantitative Ca
2+
-analysis results for the accelerated calcification of selected materials are shown in Figure 1 . Moreover, SEM imaging was used to investigate the hydroxyapatite precipitates qualitatively. Initial experiments yielded that porcine pericardium show a calcification in a range of 49 μg/cm 2 Ca
, whereas the analysis of PA6 yielded 106 μg/cm 2 Ca
. In the aftermath, the susceptibility to calcification of two promising materials for cardiovascular applications, PCU and PEU, was investigated. To our delight, both substances show at least one magnitude lower calcium loading compared to porcine pericardium and polyamide, as previously shown in Figure 1 . In contrast to the first mentioned materials, only 3-4 μg/cm 2 calcium for PCU and PEU were found on the tested urethane based polymer nonwovens.
Selected SEM images for porcine pericardium can be found in Figure 2 , those for PA6 are shown in Figure 4 (C and D). For both materials, characteristic apatite agglomerates could be observed in SEM imaging. Remarkably, PA6 even showed the formation of large scaled plate-like structures on the surface ( fig. 3 C) . For both materials, calcification into the depth of the material was observed, not only precipitation of an apatite layer covering the sample surface. Selected images for the calcification of polyurethane based nonwovens are given in Figure 3 exemplarily for PCU (A and B) . Remarkably, porcine pericardium exhibited comparable calcification on serous and fibrous side regarding the morphology of the precipitates.
In contrast, the morphological structure of the precipitate on PCU and PEU differs drastically compared to polyamide and pericardial tissue. Whereas the latter entities show the presence of large-scaled apatite clusters, accelerated calcification of the urethane nonwovens resulted solely in the formation of thin CaPO4-layers around each single fibre, and moreover precipitation only direct on the surface of the specimen without penetration into the material depth ( fig. 3 A) . The different degree of calcification is presumable owing to the fact that urethane nonwovens feature a significant higher hydrophobicity in comparison to pericardium and PA6 and therefore may result in a drastically reduced contact area to the calcium phosphate solution resulting in a significant decreased interaction of the fibres with the ions. Moreover, the apatite precipitate appears to be just loosely attached to the single filaments, which is thought to reduce the influence on bending stiffness.
Furthermore, the degree of calcification of O2-plasma functionalized PCU nonwoven has been investigated. As expected, the degree of calcification increased with surface hydrophilisation from 4 μg/cm 2 to the approximate doubled amount of 10 μg/cm 2 . However, these values are still one dimension below the calcification of pericardial tissue or PA6.
The stoichiometric composition of the apatite precipitate has been approved using energy dispersive X-ray analysis (EDXA). Exemplarily, the EDX-spectrum for polyamide is shown in Figure 4 , giving a Ca-P-ratio of 1.48, being in a comparable range to the calculated Ca-P-ratio of 1.67 for hydroxyapatite (Ca5(OH)(PO4)3). Presumably, the apatite formation is accompanied by minor amounts of CaCO3 precipitates, resulting in a lower Ca-P-rate. 
Summary
As aforementioned, calcification is the main reason for failure of biologic heart valve prostheses. In this work, we present a suitable method for the accelerated calcification of potential polymer based materials for cardiovascular application in comparison to the established material porcine pericardium. The tested urethane based polymers appear to exhibit highly benign properties regarding calcification due to their low hydrophilicity and the consequently reduced contact area to the calcification medium. Even though a higher susceptibility to calcification of PCU after treatment with O2-plasma could be observed, the degree of precipitation is still far below the values of the reference materials. Thus, regarding calcification process, the tested urethane nonwovens are highly promising candidates for the use as valve replacements. 
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